A broad spectrum of mutations in PTEN, encoding a lipid phosphatase that inactivates the P13-K/AKT pathway, is found associated with primary tumors. Some of these mutations occur outside the phosphatase domain, suggesting that additional activities of PTEN function in tumor suppression. We report a nuclear function for PTEN in controlling chromosomal integrity. Disruption of Pten leads to extensive centromere breakage and chromosomal translocations. PTEN was found localized at centromeres and physically associated with CENP-C, an integral component of the kinetochore. C-terminal PTEN mutants disrupt the association of PTEN with centromeres and cause centromeric instability. Furthermore, Pten null cells exhibit spontaneous DNA double-strand breaks (DSBs). We show that PTEN acts on chromatin and regulates expression of Rad51, which reduces the incidence of spontaneous DSBs. Our results demonstrate that PTEN plays a fundamental role in the maintenance of chromosomal stability through the physical interaction with centromeres and control of DNA repair. We propose that PTEN acts as a guardian of genome integrity.
INTRODUCTION
PTEN was identified in 1997 as a tumor-suppressor gene located on 10q23.3 (Li et al., 1997) . PTEN is mutated in a wide variety of solid tumors, which mainly include glioblastomas, endometrial carcinomas, breast carcinomas, and prostate carcinomas (Di Cristofano and Pandolfi, 2000; Eng, 2003; Li et al., 1997; Steck et al., 1997) . A broad spectrum of somatic PTEN mutations in primary tumors has been reported and includes null mutations, missense mutations, and truncations, which span from the PTEN promoter, the phosphatase domain in the N terminus, the C2 domain in the middle, and to the C terminus of PTEN (Eng, 2003) . Germline mutations of PTEN have also been found in cancer-susceptibility syndromes such as Cowden syndrome, which is characterized by a high risk of breast and thyroid cancers (Di Cristofano et al., 1998; Eng, 2003) . Mice heterozygous for Pten develop spontaneous tumors (Di Cristofano et al., 1998; Podsypanina et al., 1999; Stambolic et al., 2000; Suzuki et al., 1998) . Conditional tissue-specific disruption of Pten also leads to different tumors in the affected tissues (Wang et al., 2003; Yilmaz et al., 2006) . PTEN encodes a major lipid phosphatase that functions in the phosphoinositide 3-kinase (PI3-K) signaling cascade. Loss of PTEN leads to the activation of the PI3-K/AKT cascade and stimulates cell growth and proliferation Sun et al., 1999) . Therefore, PTEN may control normal cell survival through its regulation of PI3-K signaling (Cully et al., 2006) . However, emerging evidence is suggestive of other PTEN functions that are unrelated to PI3-K/AKT signaling. The fact that some PTEN mutations occur in regions other than the phosphatase domain suggests that PTEN may have other functions in cellular activities and tumor suppression (Eng, 2003; Waite and Eng, 2002) . Therefore, it is crucial to discern new PTEN functions in order to fully understand how PTEN suppresses tumorigenesis and how loss of PTEN predisposes to tumorigenicity.
As a hallmark of cancer (Albertson et al., 2003) , chromosomal instability may result from inaccurate chromosomal segregation during mitosis, which may occur in the presence of faulty structural components such as centrosome amplification or dysfunctional centromeres or kinetochores (Yuen et al., 2005) . The centromere is a unique and functional chromosomal domain responsible for the accurate segregation of chromosomes during mitosis (Cleveland et al., 2003; Henikoff et al., 2001) . The centromere provides the platform or the foundation for the assembly of the kinetochore. Centromeres consist of a-satellite DNA and sequence-specific DNA-binding proteins. Centromere function is highly conserved, but the satellite sequences are divergent. Thus the major focus of centromere studies is on centromeric proteins. There are a number of known centromere-specific binding proteins, which mainly include centromere proteins CENP-A, CENP-B, and CENP-C, all of which are sequence-specific DNA-binding proteins (Carroll and Straight, 2006) . CENP-C is an integral component of the inner kinetochore that forms a functional centromere (Fukagawa et al., 1999) . Both CENP-A and CENP-C bind exclusively to the centromere and are necessary for kinetochore action and accurate segregation during mitosis (Kalitsis et al., 1998; Regnier et al., 2005; Tomkiel et al., 1994) . Centromere breakage may destroy the foundation for the assembly of the kinetochore, leading to improper sister-chromatid segregation and chromosomal instability.
Chromosomal translocations are often caused by defects in repair mechanisms for DNA double-strand breaks (DSBs). Homologous recombination-directed repair (HDR) is a major mechanism for DSB repair (Pierce et al., 2001) . Impairment of the HDR pathway may cause defects in DSB repair and contribute to genomic instability (Mills et al., 2003) . HDR is primarily controlled by the DNArepair family that includes Rad51, BRCA1, and BRCA2 (Pastink et al., 2001; Tutt and Ashworth, 2002) . Disruption of Rad51 leads to extensive chromosomal aberrations in mouse cells due to defects in HDR (Smiraldo et al., 2005) .
It is well known that p53 plays a fundamental role in the maintenance of genome and chromosomal stability (Fukasawa et al., 1996; Livingstone et al., 1992; Yin et al., 1992) . As a powerful tumor suppressor, PTEN may also maintain normal chromosomal structure and function. It has been reported that lack of PTEN expression is associated with aneuploidy in human primary breast cancers (Puc et al., 2005) . In this paper, we demonstrate that PTEN plays a crucial role in the maintenance of chromosomal stability and that nuclear PTEN controls chromosomal integrity through novel mechanisms. First, we observed that loss of PTEN leads to extensive centromere breakage. Furthermore, we found that PTEN is associated with centromeres specifically by its interactions with CENP-C. Interestingly, PTEN mutants retaining their phosphatase domain interfere with the interaction between wild-type PTEN and the centromere, resulting in the destruction of chromosomal stability. Moreover, loss of PTEN results in defects in DSB repair. We found that PTEN regulates Rad51 at the transcriptional level and thus contributes to the stability of chromosomes through modulation of the DSB-repair system. Our findings reveal that through its role in the nucleus PTEN maintains chromosomal stability and provide a mechanistic basis for this novel tumor-suppressor function. Li et al., 2002; Sun et al., 1999) and (2) wild-type and Pten null ES (Pten +/+ ES and Pten À/À ES).
RESULTS

Essential Role of PTEN in Controlling Chromosomal
We examined chromosomal structure microscopically using fluorescence in situ hybridization (FISH). A fluorescent Cy3-labeled peptide nucleic acid (PNA) probe that was specific for telomeric sequences was used to localize telomeres. In addition, the chromosomes were counterstained with DAPI, which binds with a high affinity to the AT-rich centromeric heterochromatin of the mouse chromosomes. One of the most remarkable features of Pten À/À MEF metaphases is the abundance of centromeric instability manifested as centromere fragments (CF; Figure 1 ; Table S1A Table  S1B ). While no chromosomal translocations of any kind were detectable in Pten +/+ MEFs ( Figure 1D ), chromosomal translocations and centromere breakages were observed in Pten À/À MEFs, as revealed by M-FISH (Figures 1E , 1Ee1, 1F, 1Ff1, and 1Ff2; Table S1A, 0.95 translocations per metaphase). We also found complex translocations involving two or more chromosomes in 30% of the metaphases from Pten À/À MEFs. We detected one reciprocal translocation between chromosomes 2 and 6 (Figures 1Ff1 and 1Ff2 ) and another reciprocal translocation involving chromosomes 14 and 15 (Table S1A) . We next investigated whether the centromere-associated chromosomal instability also exists in Pten-deficient ES cells (Figures S1A-S1D ). In corroboration with MEFs, Pten-deficient ES cells also showed a substantial increase in the frequency of centromere fragments (1.1 per metaphase) compared to that in wild-type ES cells (0.12 per metaphase) (Table S1B; Figures S1A and S1B versus Figures S1C and S1D). It is worthwhile to point out that the frequency of centromere-associated chromosomal instability was much less in ES cells compared to that in MEFs. Taken together, these results illustrate that Pten disruption confers a phenotype of chromosomal instability with a structural signature of centromere breakage.
Localization of PTEN at Centromeres and Its Physical Interaction with CENP-C The predominance of centromere breakage in every Pten À/À MEF metaphase spread that was examined highlights a fundamental role of PTEN in stabilizing the centromeric regions. We therefore hypothesized that PTEN may be a component of the centromere that contributes to stabilization of an intact chromosome. To determine whether PTEN is localized at the centromere, a PTEN-specific antibody was used in conjunction with an antibody known to specifically react with centromeres from CREST patients (Moroi et al., 1980) to localize both PTEN and centromeres in Pten +/+ MEFs. Figure 2A shows the intranuclear localization of PTEN (Figure 2Aa , green) and the typical punctate centromere distribution (Figure 2Ab , red). The PTEN signal is undetectable in Pten À/À MEFs (Figure 2Ad ), confirming the specificity of the PTEN antibody ( Figure 2Aa ). Immunofluorescence analysis reveals the overlap between the PTEN signal (in green) and the centromere (in red) as a yellow signal of discrete speckles (Figure 2Ac ), indicating that a significant portion of nuclear PTEN colocalizes with centromeres in Pten +/+ MEFs. In contrast, no overlap of Figure 2B , lane 1). In contrast, this protein was undetectable in immunoprecipitates from Pten À/À MEFs ( Figure 2B , lane 2). CREST antiserum reacts with multiple centromere proteins (Earnshaw and Rothfield, 1985) , including CENP-C (140 kDa), which localizes at the inner core of the kinetochore complex (Saitoh et al., 1992) . We wished to determine whether the PTEN-associated 140 kDa protein that was recognized by the anti-centromere antibody ( Figure 2B ) could in fact be CENP-C. This possibility was confirmed by using a CENP-C-specific antibody that detected the 140 kDa PTEN-associated protein in Pten +/+ MEFs ( Figure 2C , lane 1). Consistently, this protein component does not exist in precipitates from Pten À/À MEFs ( Figure 2C , lane 2). Furthermore, PTEN was detected in an anti-CENP-C immunoprecipitated complex from Pten +/+ MEFs but not from Pten À/À MEFs ( Figure 2D , lane 1 versus lane 2). These observations clearly demonstrate that PTEN physically localizes in the centromere region and interacts with constitutive centromeric protein. Its location at centromeres indicates that PTEN may be involved in maintaining the functional integrity of chromosomes. Disruption of Pten, therefore, is expected to weaken the chromosomal architecture and lead to chromosomal breakage at the centromere region, which is a phenotype most frequently observed in Pten null cells.
Physical Association of PTEN with Centromeres Is Crucial for Chromosome Stability
Because PTEN functions mainly through its phosphatase activity, we examined whether this novel role of PTEN in centromere maintenance is dependent on that activity. For this purpose, we generated a point mutation within the phosphatase domain of PTEN (PTEN.C124S) that inactivates the phosphatase activity (Maehama and Dixon, 1998) . To test whether this PTEN mutant retains its association with centromere protein CENP-C, we expressed this mutant PTEN in Pten À/À MEFs and performed reciprocal IP-western analysis of CENP-C and mutant PTEN interaction. As shown in Figures 3A-3C , PTEN.C124S still interacts with CENP-C, demonstrating that their association is independent of the phosphatase activity. Our data imply that PTEN may exert its centromere-maintenance function through a phosphatase-independent activity. Next, we sought to discern whether the association of PTEN with centromeres is important for PTEN function in maintaining centromere integrity and chromosomal stability. We planned to test whether a PTEN mutant lacking physical association with centromere components could cause chromosomal instability in normal cells. In order to screen for a mutation that would interfere with PTEN's association with CENP-C, we created a series of deletion mutants by truncating PTEN cDNA and tested whether the encoded proteins could still interact with CENP-C. We generated PTEN-deletion mutants based on the criteria that the same mutants have been found in human cancers and that they still possess a functional phosphatase domain. These mutant PTEN expression vectors were introduced into MEFs, and association of mutant PTEN with CENP-C was examined. Indeed, we found that one truncated mutant PTEN, PTEN.R189X (designated as PTEN189), loses its binding affinity for CENP-C ( Figure 3A , lane 4 versus lane 2). PTEN189 is a single mutation of PTEN at codon 189 that alters its sequence from AGA to TGA to create a stop codon. The resulting truncated PTEN retains the intact N-terminal phosphatase domain but lacks the entire C terminus. The same mutation was reported to occur in Cowden syndrome, where PTEN mutations are present in 80% of all patients (Eng, 2003) . Patients with Cowden syndrome develop breast cancer at a frequency between 25%-50% (Eng, 2003) . The results shown in Figures 3A and 3C indicate that the C-terminal domain of PTEN is required for its association with centromeres and CENP-C since the truncated mutant PTEN189 no longer interacts ( Figure 3A , lane 4; Figure 3C , right panel, lane 1). Our data demonstrate that PTEN performs its centromereassociated function through a phosphatase-independent mechanism.
PTEN deficiency in tumors is usually caused by mutations in which a mutant form of PTEN is still expressed. This is similar to what occurs with mutations in the tumor suppressor p53. Certain mutant forms of p53 have not only lost their tumor-suppressive function but have also somehow gained a function as an oncogene (Levine et al., 1995) . We propose that mutant PTEN may also gain a new function that is harmful to chromosomal stability. To test this hypothesis, we sought to determine Table S2 and shown in Figures 4C and 4D . Particularly, we found centromere fragments in these MEFs with PTEN189 ( Figure 4Cc1 ). In addition, a significant number of structural chromosomal aberrations, including acentric fragmentation (AF; Figure 4Cc2 ), telomere fusions (TF; Figure 4Dd2 ), chromatid-type breaks (CtBr; Figure 4Dd3 ), Robertsonian centromere fusions (Rob; Figure 4x ), and quadrivalents (Qua; Figure 4y ) are present in MEFs expressing PTEN189 (Figures 4C and 4D ). Most notably, premature centromere separation (PCS) was found in approximately 40% of the metaphases from Pten
MEFs with PTEN189 ( Figure 4Dd1 ). These results indicate that this PTEN mutant is capable of causing massive chromosomal abnormalities in normal cells. To confirm the expression of PTEN189, we examined the levels of intact PTEN and truncated PTEN189 in Pten +/+ MEF/pcDNA3
and Pten +/+ MEF/His-tagged PTEN189. Both wild-type PTEN and PTEN189 mutant proteins were detectable by the anti-full-length PTEN antibody ( Figure 4E ). This PTEN189 mutant protein was also detected by an antiHis monoclonal antibody ( Figure 4F , lane 2). Because this occurs in cells transiently expressing the PTEN mutant in the presence of the wild-type PTEN protein, it is possible that this PTEN mutant can interfere with the physical interaction between PTEN and centromeres. To test this possibility, we performed IP-western analysis to detect the association of wild-type PTEN with CENP-C in the presence of this PTEN mutant. As shown in Figure 4G , while PTEN is associated with CENP-C in MEF/pcDNA3, the interaction between PTEN and CENP-C is greatly diminished in the MEFs expressing PTEN189. Interestingly, ectopic PTEN189 interacts with endogenous wild-type PTEN ( Figure 4H , lane 1). These results indicate that the PTEN mutant may interfere with the normal function of PTEN at centromeres. To test this hypothesis, we examined the physical and spatial relationship between PTEN189 and centromeres. As shown in Figure S2 , there is no physical interaction between PTEN189 and centromeres in both Pten +/+ MEFs and Pten À/À MEFs ( Figure S2A, lanes 2 and 3) , although HisPTEN189 is expressed in these cells ( Figure S2A, lane 1) . Interestingly, the level of phosphorylation of AKT remains unchanged in MEFs expressing HisPTEN189 ( Figure S2B , lane 2 versus lane 3), indicating that PTEN189 does not interfere with PTEN function in suppressing AKT activity. Furthermore, immunofluorescent staining for both PTEN189 and centromeres did not show colocalized spots in Pten +/+ MEFs, although PTEN189 is still localized in the nucleus ( Figure S2C ). Our data indicate that PTEN189 blocks the functional association of wild-type PTEN with centromeres, likely by forming a complex with nuclear PTEN. Because the truncated PTEN189 mutant that loses centromere association was derived originally from Cowden patients, centromere instability may occur in Cowden patients. We tested one lymphoblastoid cell line from a Cowden syndrome patient with a germline PTEN mutation (IVS6 + 1; G > T). This is a splice-site mutation of PTEN that results in exon 6 skipping; in addition, there are both a wild-type form of PTEN and a truncated form of PTEN in these cells (Agrawal et al., 2005) . Interestingly, like PTEN189, this mutant PTEN retains its phosphatase domain but loses its C2 domain in its C terminus. As predicted, there is no detectable interaction between this mutant PTEN and centromeres (data not shown). We then determined whether there is centromere breakage in these cells. We used a fluorescein-conjugated pancentromeric DNA probe to characterize the centromere-associated chromosomal instability in human cells. As expected, there is a high frequency of centromere breakage in Cowden lymphoblastoid cells lacking exon 6 (IVS6 + 1; G > T) compared with normal lymphoblastoid cells (Figures S2D-S2G ; Figures S2Ee2, S2Ee3, S2Gg2, and S2Gg3). Interestingly, we also found PCS in these Cowden syndrome cells ( Figures S2Ee1 and S2Gg1 ). These observations are consistent with a phenomenon demonstrated with the truncated PTEN189 mutant. These data indicate that the C2 domain of PTEN is closely associated with centromere stability in Cowden syndrome.
To precisely evaluate the importance of PTEN-centromere association in centromeric stability, we sought a recessive mutant of PTEN that influences the association of PTEN with centromeres but does not affect other functions of PTEN. PTEN.R233X (designated as PTEN233) was derived from Cowden syndrome (Eng, 2003) . It is a single mutation of PTEN at codon 233 from CGA (arginine) to TGA (stop codon), resulting in a truncated PTEN that retains the intact phosphatase domain. We found that PTEN233 does not affect PTEN expression but disrupts the association of PTEN with CENP-C. As shown in Figure S3A, Figure S3G ). Our observations suggest that this PTEN233 mutant acts in a recessive manner. Our data once again demonstrate that physical association of PTEN with the centromere through its C terminus is crucial for centromere stability. These data provide an explanation of why there is a high frequency of PTEN mutations in the C2 domain and C terminus in Cowden syndrome.
Loss of PTEN Leads to Spontaneous DNA DSBs
In addition to the signature anomaly of centromere breakage, Pten disruption results in other forms of spontaneous chromosomal aberrations, including random breaks, fragmentations, fusions, and translocations ( Figure 1 ; Table  S1A ). These may be attributed to defects in the repair of severe DNA damage such as DSBs (Thiriet and Hayes, 2005) . Since inefficient or defective repair of DSBs can lead to these chromosomal abnormalities, we analyzed the incidence of spontaneous DSBs in Pten wild-type and Pten null cells. The frequency of DSBs was estimated by immunostaining for the phosphorylated form of histone H2AX (g-H2AX), a widely used marker for DSBs (Foster and Downs, 2005) . Compared to Pten +/+ MEFs, intense g-H2AX staining was observed in Pten À/À MEFs (Figure 5A) . Quantitation of the data reveals a 7-fold increase in the number of Pten À/À cells positive for g-H2AX compared to Pten +/+ MEFs (29.5% versus 4.1%), suggesting that DSBs accumulate in the absence of PTEN. To confirm these results, we examined the distribution of p53-binding protein 1 (53BP1), another common marker of DSBs, which colocalizes with g-H2AX (Schultz et al., 2000) , using immunofluorescence in Pten +/+ and Pten À/À MEFs. Consistent with g-H2AX staining, a much higher percentage of Pten À/À MEFs also displayed intense 53BP1 foci, which is similar to the g-H2AX staining results and further indicates the accumulation of DSBs ( Figure 5B ). To further verify the spontaneous accumulation of DNA-strand breaks in the absence of PTEN, the alkaline comet assay was performed in both Pten +/+ and Pten À/À MEFs. In agreement with 53BP and g-H2AX staining, the alkaline comet assay revealed a greater number of DNA-strand breaks in Pten À/À MEFs relative to Pten +/+ MEFs ( Figures   5C and 5D ). Comets with a tail moment greater than 5 were consistently observed in Pten null cells, indicating that there is extensive spontaneous DNA-strand breakage.
PTEN Is Necessary and Sufficient for Induction of Rad51 and DSB Repair
The observed spontaneous accumulation of DSBs led us to the hypothesis that DNA repair is impaired in the absence of PTEN. DNA repair is an essential process for preserving genome integrity in all organisms. To test the possibility that the DSB-repair deficiency is due to altered expression of key DNA-repair genes in Pten null cells, we used cDNA microarrays to assess global gene-expression profiles and, in particular, the expression levels of DSB-repair genes in both Pten +/+ and Pten À/À MEFs. Interestingly, we found a markedly decreased level of Rad51 in Pten À/À MEFs compared with Pten +/+ MEFs (data not shown). Rad51 is an essential component of a homology-directed DSB-repair complex (Hays et al., 1995; Shinohara et al., 1992) . Loss of Rad51 or its associated proteins impairs the complex from functioning in DSB repair and is implicated in chromosomal instability (Thacker, 2005) . As shown in Figure 5E 5F ) presumably impairs the ability of Pten null cells to repair DSBs, which may directly account for the increased DSB foci in Pten À/À MEFs ( Figure 5A ). In order to test this hypothesis, we introduced a mouse Rad51 expression vector, pcDNA3/mRad51, into Pten À/À MEFs and re-examined the formation of DSB foci. As expected, an increased level of Rad51 was detected in Pten À/À MEF/ mRad51 cells ( Figure 6A) . Consistently, the number of g-H2AX foci was diminished in Pten À/À cells expressing ectopic Rad51 ( Figure 6B ). Seven times fewer g-H2AX-positive cells were found in the Pten À/À MEF/mRad51 cell population than in the Pten À/À MEFs containing the control vector (4.2% ± 0.5% versus 29.4% ± 2.1%). (Vlietstra et al., 1998) to assess the regulation of Rad51 expression. Consistent with Pten À/À MEFs, the level of human Rad51 is also low in PC-3 cells ( Figure 6C ). To investigate the regulatory role of PTEN in Rad51 expression, we introduced a human PTEN-expression vector, pcDNA3/PTEN, into PC-3 cells and selected for further studies three stable cell lines with high levels of PTEN ( Figure 6C ). As shown in Figure 6C , Rad51 expression is dramatically induced in all three PC-3 cell clones overexpressing ectopic PTEN. These results provide further evidence for the regulatory link between PTEN and Rad51 in human cells. To determine whether the ectopic PTEN alone with the increased level of Rad51 can ameliorate the defect in DSB repair, we examined g-H2AX foci formation in these cells. While nearly half the PC-3 cell population containing the control vector showed positive g-H2AX foci staining (46.7% ± 2.7%), it was only apparent in less than 10% of cells from the clones expressing ectopic PTEN (8.7% ± 0.8% for PC-3/PTEN-c11, as shown in Figure 6D ). The fact that accumulation of DSBs in Pten À/À MEFs as well as PC-3 cells harboring mutant PTEN can be diminished by ectopic expression of either Rad51 ( Figure 6B ) or PTEN ( Figure 6D ) further suggests that PTEN and Rad51 participate in a common DNA-repair pathway. The functional link between PTEN and Rad51 may derive from the upregulation of Rad51 by PTEN ( Figure 6C ). To test whether this regulation occurs at the transcriptional level, the RNA level of Rad51 was examined by northern analysis. Consistent with the increased protein levels (Figure 6C) , the abundance of Rad51 transcript is greatly elevated in all three PC-3/PTEN cell clones ( Figure 6E , lane 1 versus lanes 2-4). These results and the data from Figure 5 strongly suggest that PTEN could be involved in the transcriptional regulation of Rad51 and that PTEN may do so by acting on chromatin or its promoter. We performed a ChIP assay to detect the physical interaction between PTEN and chromatin containing the human Rad51 promoter. A PTEN monoclonal antibody was used to precipitate chromatin from PC-3 cells with or without ectopic PTEN. Primers specific for the human Rad51 promoter were used in PCR amplification of genomic DNA (Figure 6F, lanes 1-4) and of anti-PTEN precipitated DNA ( Figure 6F , lanes 5-8). Consistent with our data from mouse ChIP (Figure 5G ), the PTEN-bound Rad51 promoter was detected from chromatin of PC-3 cells expressing PTEN (PC-3/PTEN; Figure 6F , lanes 6-8) but not from the PC-3/pcDNA3 control cells ( Figure 6F , lane 5). The Rad51 promoter was undetectable when the PTEN-specific antibody was replaced with an irrelevant antibody (NS-1; data not shown). These data suggest that PTEN functions on chromatin, where the Rad51 promoter is located in vivo, presumably to regulate its transcription. This would imply that the observed increase in Rad51 transcription following PTEN overexpression could result from the association of PTEN with the Rad51 promoter and the activation of transcription through an as-yet-unknown mechanism.
Synergistic Regulation of Rad51 by PTEN and E2F-1
In order to determine whether PTEN directly activates the promoter of Rad51, we generated a luciferase reporter for the Rad51 promoter by cloning the human Rad51 promoter into a pGL3-basic vector (pGL3/Rad51-luc). The Rad51 promoter-luciferase reporter was used together with a PTEN-expression vector in a luciferase assay to test whether PTEN increases the luciferase activity. However, PTEN overexpression failed to induce the luciferase activity in this luciferase assay ( Figure 7A ), indicating that PTEN may not be in direct contact to the promoter. Thus, PTEN may influence Rad51 expression through a mechanism other than that of direct activation of the Rad51 promoter. In an effort to identify PTEN-associated proteins through a pull-down assay using His-tagged PTEN protein as bait, we identified transcription factor E2F-1 as a potential PTEN-associated protein (data not shown). Interestingly, there is a consensus E2F-1-binding site in the Rad51 promoter close to the transcription start site (data not shown). We thus tested whether E2F-1 influences the activity of the Rad51 promoter. Indeed, E2F-1 does transactivate the Rad51 promoter ( Figure 7A ). Interestingly, PTEN can significantly increase the promoter activity induced by E2F-1 ( Figure 7A ). The levels of Rad51 protein are increased in PC-3 cells expressing E2F-1 alone but higher in PC-3 cells expressing both PTEN and E2F-1 ( Figure 7B , lane 2 versus lane 3). We also examined the association of E2F-1 and the Rad51 promoter by the ChIP assay using an anti-E2F-1 antibody to pull down the E2F-1-bound Rad51 promoter in MEFs. Indeed, the Rad51 promoter was amplified from the anti-E2F-1 antibody immunoprecipitates from E2F-1 +/+ MEFs but not from E2F-1 À/À MEFs ( Figure 7C , lane 3 versus lane 4), indicating that E2F-1 binds the Rad51 promoter in vivo. Consistently, the levels of Rad51 are reduced in E2F-1 À/À MEFs ( Figure 7D , lane 1 versus lane 2). Our results demonstrate that PTEN and E2F-1 are both necessary for induction of Rad51 and that PTEN and E2F-1 cooperate to control Rad51 expression. Because PTEN is associated with chromatin encompassing the promoter of Rad51 but unable to activate the Rad51 promoter directly, PTEN may be a modulator that affects chromatin remodeling and thus influences transcription of Rad51 by E2F-1. Synergistic regulation of Rad51 by PTEN and E2F-1 provides a molecular basis for the PTEN-Rad51 signaling cascade, which may play an essential role in DNA repair and chromosomal stabilization.
DISCUSSION
In this report, we demonstrate that PTEN maintains chromosomal integrity through two novel pathways: (1) physical interaction with CENP-C to maintain centromere stability and (2) transcriptional regulation of Rad51 to control DSB repair and to suppress chromosomal instability arising due to DSBs. Because centromere fragmentation appears at an extraordinarily high frequency, we designated it as a signature phenotype of PTEN dysfunction. Importantly, PTEN localizes at centromeres and associates with CENP-C, a constitutive protein component of the centromere. Residing at the kinetochore organizing center (Choo, 2000) , CENP-C is essential for centromere formation (Fukagawa et al., 1999) . Centromere localization of PTEN may depend on its physical association with CENP-C, which could target PTEN to the inner core of the centromere/kinetochore complex. PTEN may be critical in controlling the dynamic organization of the centromere, which would explain why loss of PTEN leads to extensive centromere breakage. Because CENP-C binds to the DNA backbone, CENP-C-associated PTEN may play a critical role in maintaining chromosomal structure through centromere stabilization.
The current understanding of PTEN function is primarily based on its enzymatic activity as a phosphatase that inhibits the PI3-K/AKT signaling cascade. In this study, we unraveled a novel nuclear function of PTEN in ensuring centromere stability independent of its ability to regulate the PI3-K/AKT pathway. The mutant PTEN lacking phosphatase activity retains its association with centromeres, suggesting that PTEN's association with centromeres is independent of its phosphatase function. If the PTENcentromere interaction were critical for maintaining centromere integrity, one would expect that disruption of their association would lead to chromosomal instability. Interestingly, we found that PTEN189, a truncated mutation of PTEN lacking its C terminus, no longer associates with CENP-C. Dramatically, this PTEN mutant causes significant chromosomal aberrations when ectopically expressed in normal mouse and human cells, suggesting that it can behave as a dominant-negative mutant. Indeed, we found that PTEN189 can physically bind endogenous wild-type PTEN and disrupt the association of wild-type PTEN with centromeres. In cells expressing PTEN189, PCS occurs at a very high frequency, which likely indicates a disturbance in the normal process of chromosomal segregation. In support, normal cells transfected with PTEN189 become highly aneuploid. The importance of PTEN association with centromeres in centromeric stability is further confirmed by characterization of another mutant PTEN, PTEN233, as a recessive mutation. Our data suggest that the association of PTEN with centromeres is essential for chromosomal stability and that mutant PTEN lacking this associative property disrupts chromosomal integrity. Interestingly, these mutant forms of PTEN were originally identified in Cowden syndrome, a cancer-susceptibility syndrome (Eng, 2003) . Thus, it is plausible that these types of PTEN mutants may act as oncogenes and promote tumorigenesis by destroying chromosomal stability. Indeed, some Cowden syndrome patient-derived lymphoblast cells harboring PTEN mutations outside the phosphatase domain exhibit centromere instability. Our results demonstrate that PTEN functions at centromeres in a phosphatase-independent manner and that the C terminus of PTEN is essential for PTEN action as a tumor suppressor. This would explain why PTEN is frequently mutated outside its phosphatase domain or in the C-terminal region in human cancer (Eng, 2003; Waite and Eng, 2002) . Our data provide insights into a new mechanism whereby C-terminal mutations of PTEN cause chromosomal instability, which may contribute to the development of breast and thyroid cancers in patients with Cowden syndrome.
Because PTEN is necessary for the basal expression of Rad51, we propose that PTEN may participate in the DNA-repair process through regulation of Rad51. PTEN is physically associated with chromatin encompassing the Rad51 promoter in vivo; it is thus possible that PTEN acts on chromatin and influences transcription. Interestingly, E2F-1 is also associated with the Rad51 promoter and transactivates the Rad51 gene. The fact that both PTEN and E2F-1 are necessary for transcriptional activation of the gene suggests that PTEN and E2F-1 synergistically regulate Rad51 transcription. Our data provide a potential mechanism by which PTEN acts on chromatin and modulates gene expression through cooperation with conventional transcription factors.
It has been reported that Rad51 is critical for chromosomal stability, presumably through controlling DSB repair (Smiraldo et al., 2005) . Therefore, the novel PTENRad51 DNA-repair pathway uncovered in this study provides a mechanistic basis for a DSB-repair defect in Pten null cells that can give rise to chromosomal breakage and translocations. We speculate that dysfunction of this PTEN pathway may be responsible for the increased chromosomal instability frequently observed in tumors with mutant PTEN. The notion that PTEN functions in maintaining genomic stability is supported by a recent report that lack of PTEN is associated with an increased prevalence of aneuploidy in human breast primary carcinoma (Puc et al., 2005) . This study suggests that PTEN suppresses aneuploidy through regulation of CHK1 location. Loss of PTEN results in the activation of AKT, leading to CHK1 phosphorylation and cytoplasmic sequestration of CHK1 from the nucleus. Thus, this PTEN function in the cytoplasm depends upon its phosphatase activity. However, our studies demonstrate that PTEN controls chromosomal stability through physical association with centromeres and that this nuclear function of PTEN is phosphatase independent. Therefore, it is clear that nuclear PTEN and cytoplasmic PTEN have different functions.
In summary, as illustrated in Figure S4 , we demonstrate that PTEN is essential for maintaining chromosomal integrity through multiple mechanisms. We show that PTEN controls chromosomal stability through its physical association with centromere protein in a phosphataseindependent manner and that the C terminus of PTEN is essential for its tumor-suppressor function. We also reveal a crucial role of PTEN in DSB repair and establish a molecular link between nuclear PTEN and a DSB-repair pathway through regulation of Rad51. Therefore, we propose that PTEN is a major guardian of chromosomal structure and function, which represents a fundamental role for PTEN in the maintenance of genomic stability.
EXPERIMENTAL PROCEDURES
Cell Lines, Construction of PTEN, and Rad51 Plasmids Primary MEFs were prepared as described elsewhere (Sun et al., 1999) . Primary Pten +/+ and Pten À/À MEFs at passages 2-3 were cultured under normal growth conditions. Pten +/+ and Pten À/À ES cells were generated previously (Sun et al., 1999) . The ES cells were grown in a Knockout DMEM from GIBCO. E2F-1 +/+ and E2F-1 À/À MEFs were described elsewhere (Yamasaki et al., 1996) . Human PTEN-and mouse Rad51-expression plasmids were created by ligating the full-length coding region of either human PTEN or mouse Rad51 into the selectable constitutive-expression vector pcDNA3.1 (Invitrogen), resulting in pcDNA3/hPTEN and pcDNA3/mRad51. pcDNA3/PTEN189 was generated by changing codon 189 from AGA for arginine to a TGA stop codon of human PTEN using the QuikChange site-directed mutagenesis kit (Stratagene) according to the manufacturer's protocol. Other constructs are described in Supplemental Experimental Procedures.
Chromosomal Analysis by T-FISH and M-FISH
Metaphase chromosome spreads were prepared from exponentially growing cells after treatment with demecolcine (0.1 mg/ml) for 4 hr using a standard procedure. T-FISH was performed using a Cy3-labeled peptide nucleic acid probe. For T-FISH, both the DNA probe and the slides were heat denatured (80 C for 5 min) and hybridized at 37 C for 2 hr. M-FISH was performed in accordance with the manufacturer's specifications (MetaSystems). Slides were counterstained with DAPI, and the images were captured using an Axioplan 2 imaging microscope (Zeiss) equipped with the Isis software program by MetaSystems.
Immunofluorescence and Confocal Microscopy Cells were grown in 2-well chamber slides to exponential growth phase and fixed in acetone-methanol at a ratio of 1:1. DSB foci were detected by immunostaining with a monoclonal antibody to g-H2AX (UBI) or a polyclonal antibody to 53BP1 (Santa Cruz) followed by incubation with a fluorescein-or Texas-red-conjugated secondary antibody. Colocalization of PTEN with centromere was detected by using a double immunofluorescent procedure. Pten +/+ and Pten À/À MEFs grown in 2-well chamber slides were fixed and incubated with both an anti-PTEN monoclonal antibody (Santa Cruz) or homemade antifull-length PTEN polyclonal antibody and the human CREST autoimmune sera against centromere/kinetochore antigens (ImmunoVision). Cells were then stained with a fluorescein-conjugated antimouse immunoglobulin G (IgG) and a Texas-red-conjugated antihuman IgG (Jackson Laboratories). Images were analyzed using a laser-scanning confocal microscope (Nikon).
CoIP and Western Blotting
CoIP of PTEN and centromere components was performed in Pten
and Pten À/À MEFs. Equal amounts of protein were incubated with a PTEN monoclonal antibody (Cell Signaling Technology, Inc.). The PTEN immunocomplexes were precipitated by protein G-Sepharose and subsequently subjected to immunoblotting with the CREST human autoantibody recognizing centromeres or a specific polyclonal antibody against CENP-C (Santa Cruz). IP-western analysis of PTENcentromere association was also performed using the anti-centromere antibody for IP and a homemade anti-full-length PTEN polyclonal antibody for western blotting in the presence of ExactaCruz reagents to reduce the IgG background. For western blotting, immunoprecipitates or cell lysates were resolved in 10% SDS-polyacrylamide gels and then transferred onto a nitrocellulose filter. The blots were incubated with primary antibodies and then with peroxidase-conjugated species-matched secondary antibodies.
ChIP
The ChIP assay was performed using a ChIP kit (UBI) according to the manufacturer's protocol as described in Supplemental Experimental Procedures.
Supplemental Data
Supplemental Data include four figures, two tables, and Supplemental Experimental Procedures and can be found with this article online at http://www.cell.com/cgi/content/full/128/1/157/DC1/.
